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The basic helix-loop-helix (bHLH) transcription factor Twist is highly conserved from Drosophila to vertebrates and plays
major role in mesoderm specification of triploblasts. The presence of a Twist homologue in diploblasts such as the
nidarian Podocoryne carnea raises questions on the evolution of mesoderm, the third cell layer characteristic for
triploblasts. Podocoryne Twist is expressed in the early embryo until the myoepithelial cells of the larva differentiate and
then again during medusa development. There, the gene is detected first when the myoepithelial cells of the polyp
dedifferentiate to form the medusa bud and later Twist is found transiently in the entocodon, a mesoderm-like cell layer
which differentiates into the smooth muscle and striated muscle of the bell. On the other hand, in later bud stages and the
medusa, expression is seen where non-muscle tissues differentiate. Experimental analysis of in vitro transdifferentiation
nd regeneration demonstrates that Twist activity is not needed when isolated striated muscle regenerate medusa organs.
evelopmental roles of Twist are discussed with respect to early animal evolution from a common ancestor of cnidarians
nd bilaterians. © 2000 Academic Press
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1INTRODUCTION
The induction and specification of mesoderm as a unify-
ing feature of all triploblastic animals have engaged many
developmental biologists for over a century. The molecular
and morphogenetic mechanisms underlying the processes
of mesoderm specification were shown to be remarkably
conserved from flies to humans (reviewed in Harland and
Gerhard, 1997). However, little is known about the evolu-
tion of the mesoderm itself and the relation of so-called
diploblasts, which should not have a mesoderm, to higher
animals. The recent identification of a homologue of the
mesoderm transcription factor Brachyury in the freshwater
polyp Hydra (Technau and Bode, 1999) and the fact that
ellyfish have a well-developed striated muscle tissue,
hich is comparable in its histological appearance and
xpression of structural genes to that of vertebrates (Gro¨ger
t al., 1999), raise the question on the phylogenetic position
f this type of tissue and of Cnidaria.
Besides Brachyury, the bHLH transcription factor Twist
1 To whom correspondence should be addressed. Fax: 0041 61
267 16 27. E-mail: V.Schmid@unibas.ch.
0012-1606/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.s a key regulator in specifying the mesoderm lineage. Twist
as first identified as a gene playing a crucial role in
esoderm formation of the Drosophila embryo (Thisse et
l., 1988). Single orthologs have been cloned in inverte-
rates from Caenorhabditis elegans (Harfe et al., 1998) to
mphioxus (Yasui et al., 1998) while two Twist-like paral-
gs, called Twist (Wolf et al., 1991) and Dermol (Li et al.,
995) appear to be present in vertebrates. In Drosophila
wist is activated by Dorsal, activating itself Snail and
homboid and later on in the visceral mesoderm Tinman
reviewed in Baylies et al., 1998). Twist was shown to be
nvolved in muscle differentiation by directly activating the
ADS-box transcription factor Mef2 in Drosophila (Cripps
t al., 1998) and in patterning of the adult muscle (Cripps
nd Olson, 1998). Vertebrate Twist expression and function
re similar to those seen in Drosophila but there are
ignificant differences. In vertebrates Twist was shown to
nhibit myogenesis (Hebrock et al., 1994; Spicer et al.,
996). Later it was also shown in Drosophila that Twist can
negatively regulate muscle differentiation in flight muscles
(Anant et al., 1998) and that other bHLH proteins are
involved in mesoderm formation (Gonzalez-Crespo and
Levine, 1993). Also in C. elegans the role of Twist is quite
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364 Spring et al.complex (Harfe et al., 1998). The initial comparison of
Twist as a mesoderm regulator with the MyoD family of
muscle differentiation factors must be revised. Twist func-
tions also as a potential oncogene that inhibits apoptosis
(Maestro et al., 1999) and is involved in the regulation of
histone acetyltransferases (Hamamori et al., 1999). Ho-
mozygous Twist null mouse phenotypes are relatively mild
nd exhibit failure of neural tube closure and heterozygos-
ty for Twist mutations show minor skull and limb anoma-
ies (Chen and Behringer, 1995), comparable to those of the
uman Saethre-Chotzen syndrome caused by human
WIST mutations (El Ghouzzi et al., 1997; Howard et al.,
997). The persistence of mesoderm in Twist-deficient mice
ould be due to partial redundancy with the second Twist-
ike gene Dermo1 or other related bHLH genes such as
cleraxis, where null embryos show no trace of mesoderm
Brown et al., 1999).
We isolated and characterized a Twist homologue from
he hydrozoan jellyfish Podocoryne carnea and analyzed its
xpression pattern by in situ hybridization, RT-PCR, and
nder different experimental conditions in vitro. Twist
expression appears to be correlated to muscle differentia-
tion in larva and the formation of mesoderm-like structures
in medusa formation. However, it is also expressed when
nonmyoepithelial tissue is formed in medusa development.
The high sequence conservation of Twist in Cnidaria and
triploblasts and its expression in the formation of a third
cell layer between ectoderm and endoderm during medusa
bud development point toward a high potential for animal
complexity already before the separation of the basal meta-
zoan lineages.
MATERIALS AND METHODS
Animals
P. carnea M. Sars (Cnidaria, Hydrozoa, Anthomedusae) colonies
are reared in the laboratory as described elsewhere (Schmid, 1979).
Medusa parts and buds were obtained by microsurgery and the buds
were staged according to Frey (1968). Eggs and larval stages were
obtained as described in Reber-Mu¨ller et al. (1995).
Molecular Cloning and Sequence Comparison
Molecular biology procedures were carried out as described
(Mu¨ller et al., 1999). Homology PCR for a Twist homologue of
Podocoryne was done on genomic DNA. In the first round of PCR
the primer combinations TwiF1 59-ATG GC(AGCT) AA(CT)
GT(AGCT) (AC)G(AGCT) GA-39 and TwiR1 59-CC (CT)TC CAT
(AGCT)C(GT) CCA (AGCT)AC-39 were used. One microliter of the
first round product was used as template in the second round of
PCR combining the following primers TwiF2 59-AT(CT) AT(CT)
CC(AGCT) AC(AGCT) (CT)T(AGCT) CC-39 and TwiR2 5-9A
(AGCT)A(AG) (AG)AA (AG)TC (AGT)AT (AG)TA-39. For each
PCR round standard conditions were used, except that the anneal-
ing temperature was 40°C and the cycle number was 30 for the first
and 40 cycles for the second round. A PCR product of the expected
size was gel-purified with a Qiaquick column (Qiagen), subcloned c
Copyright © 2000 by Academic Press. All rightinto pCRII vector (Invitrogen), sequenced, and used as a probe to
screen cDNA libraries as described (Mu¨ller et al., 1999). The
ucleotide sequence of the 665-bp clone with the complete coding
equence has been submitted to the DNA databases with Acces-
ion Number AJ276245.
Nucleotide and deduced amino acid sequences were analyzed
sing the GCG software package. BLAST searches (Altschul et al.,
997) were performed using the BLAST network service at the
CBI (http://www.ncbi.nlm.nih.gov). Multiple sequence align-
ents and phylogenetic trees based on the neighbor-joining
ethod were generated with Clustal X (Jeanmougin et al., 1998).
ouse bHLH names are often different from different labs and from
uman nomenclature and do not reflect the subfamily structure.
or simplicity, subfamily members were labeled according to the
ost common name compatible with human and mouse gene
ames at the LocusLink interface of the NCBI (http://
ww.ncbi.nlm.nih.gov/LocusLink) and numbered, e.g., Twist1 and
wist2 for Twist and Dermo1. Mouse sequences were used since
ata for bHLH proteins are more complete for the mouse, but
vailable human or other vertebrate and invertebrate sequences
onfirm the phylogenetic relationship. Mouse accession numbers
or Twist-related subgroups (Atchley and Fitch, 1997) were re-
rieved from NCBI with an advanced BLAST search with the bHLH
omain of Twist as defined in Swiss-Prot. The almost complete
enomes of C. elegans (The C. elegans sequencing consortium,
998) and Drosophila (Rubin et al., 2000) were searched for
dditional Twist-related homologues. No C. elegans orthologs
ere found for the Hand, Msc, Scx, and Lyl subfamilies at the NCBI
r at the C. elegans BLAST server at the Sanger Centre. Drosophila
orthologs were found for all known Twist-related subfamilies and
two novel subfamilies, CG5952 and CG6913. Unfortunately, the
two novel proteins as well as the Hand and Scx orthologs appear to
contain mistakes due to inaccurate exon-intron predictions. A
human ortholog of CG5952 appears to be located just 20 kb
upstream of TWIST on a BAC clone of the chromosomal location
p15 (AC003986), indicating a complex relationship of true Twist
enes with Twist-related genes containing the single amino acid
nsert in the bHLH domain. For clarity, other species, unfinished
equences, the NeuroD or atonal families, Mist, Tal2, and less
elated bHLH proteins were omitted in the final figure.
RT-PCR Expression Analysis
The mRNA was extracted using the Dynabeads mRNA direct kit
(Dynal) and reverse-transcribed into single-stranded cDNA with
AMV reverse transcriptase and random hexamer primers (first-
strand cDNA synthesis kit for RT-PCR (AMV), Roche). The result-
ing first-strand cDNA was used as a template for PCR analysis,
based on SYBR Green I technology with the LightCycler as de-
scribed by the manufacturer (Roche). In the presence of SYBR
Green I, the LightCycler produces a melting curve by monitoring
the fluorescence profile during slow denaturation of the end PCR
product. The calculated negative first derivative of the fluorescence
versus the temperature is displayed in a graph as temperature
versus 2dF/dT. Each sample is independently analyzed, the instru-
ment calculates the Tm of the melting peak and its corresponding
rea. The peak area is used to measure the relative concentration of
he product after 40 cycles of amplification. To minimize the side
roduct and the primer dimer formation, several sets of primers
ere tested under different amplification conditions. In order to
alidate the value of PCR product in the plateau phase (mostly the
ase after 40 cycles) we monitor the amplification profile on a graph
s of reproduction in any form reserved.
i
m
e
l
p
n
i
t
d
m
e
o
d
o
c
h
365Twist in Mesoderm Specification and Cnidariathat displays the log of the fluorescence versus the number of
cycles. In most cases the crossing point (threshold point) confirms
the relative value in the plateau (peak area value). Representative
samples were also loaded on agarose gels after quantification with
the LightCycler, which confirmed that LightCycler data can be
compared to gel-based data but are more sensitive.
As a control for first-strand cDNA quality and quantity, elonga-
tion factor 1 alpha was included in all experiments to normalize the
samples. All primer combinations were designed to span an intron,
which allows detection of putative genomic DNA contamination
of the samples. Experiments were repeated three times on two
different mRNA preparations with the primers TwF2 59-GGT GGA
ACA GAC TGA TCA GG-39, TwF3 59-TTC GAC GAT GAA TCA
CGT GAC GA-39, TwR1 59-CAT AGC CGC CAA TCT GAG C-39,
TwR4 59-ATG CAT AAC TCA GCC TCT CTT GCG-39, TwR6
59-GCA GAA TTA ACA GCC TCA ATA CCT-39, EF1AF 59-ACG
TGG TAT GGT TGC CTC TG-39, and EF1AR 59-TGA TAA CGC
CAA CGG CTA CG-39.
In Situ Hybridization and BrdU Labeling
Basically we have used the protocol as described by Gro¨ger et al.
(1999). Fixation was done overnight at 4°C in Lavdowsky to which
0.2% glutaraldehyde was added. Proteinase K, postfixation, and
RNase treatments were omitted and hybridization was done for
18 h at 50°C. The fragile tissues require a graded and stepwise
change of solutions where osmotic pressure is high. Stained
samples were investigated either as whole mounts or as gelatine or
paraffin sections (Gro¨ger and Schmid, 2000). DNA replicating cells
were labeled with BrdU and specimens were processed for histo-
chemistry as outlined in Plickert and Kroiher (1988).
Experimental Analysis
Striated muscle and cells from the subumbrellar plate were
isolated, activated for transdifferentiation, and cultured as pre-
sented in Fig. 6 and described in Schmid (1992). For the grafting
experiments polyp extracellular matrix (ECM) pieces were isolated
by PBS treatment of the animals and removal of the cell debris by
washing the ECMs in distilled water. Then the ECMs were
air-dried on pieces of coverslips and the isolated tissue fragments
grafted onto the substrate as outlined in Schmid (1992).
RESULTS
Identification of a Highly Conserved Twist
Homologue from a Diploblast
In previously known Twist-related proteins the bHLH
domain and a C-terminal motif are highly conserved. Prim-
ers for homology PCR were designed within these regions.
According to the expected size a 79-bp band was isolated
and sequenced. The fragment was more similar to Twist
family members than to other bHLH factors and was used
to screen cDNA libraries. A positive clone with an insert of
665 bp contained the complete coding sequence as verified
by 59 and 39 RACE experiments. Analysis of the sequence
revealed a putative start codon at position 52 that is
followed by an open-reading frame of 597 nucleotides that
ends at position 648 with a TGA stop codon. The protein of t
Copyright © 2000 by Academic Press. All right199 amino acid residues encoded by this clone is most
similar to vertebrate Twist proteins. Podocoryne Twist
contains a basic DNA binding and dimerization motif
common to bHLH proteins from amino acid 51 to 103 and
a C-terminal motif characteristic for the Twist subfamily
(Fig. 1A). This second motif of 14 perfectly conserved
residues between Podocoryne and mouse is less conserved
in Drosophila and almost not recognizable in C. elegans,
but absent from all less-related bHLH proteins. Since the
tryptophane-arginine (WR) dipeptide is the most conserved
part of the stretch it was called the WR motif. In addition,
Podocoryne Twist can be aligned with mouse Twist
(Twist1) and Dermo1 (Twist2) up to the N-terminus, but
here sequence similarities are even low between mouse
paralogs. The length and domain structure of Podocoryne
Twist are more similar to vertebrate Twist proteins than to
invertebrates (Fig. 1B).
The bHLH domain of Podocoryne Twist is 80% identical
to vertebrate sequences but shares only 60% identity to the
C. elegans sequence, which is only slightly higher than the
57% matches to mouse Ptf1 or Scleraxis. However, the
closest relatives of the Twist subfamily of bHLH proteins
all share a one amino acid insertion in the loop of the bHLH
domain when compared to Twist. The otherwise less-
related MyoD subfamily shares this feature with the Twist
subfamily (Fig. 1C). A phylogenetic analysis of the bHLH
domain of Twist-related proteins confirms that the Podoc-
oryne sequence is a true Twist ortholog and that it is
equally similar to mammalian Twist1 and Twist2 (Fig. 1D).
Expression of Twist in the Life Cycle and in
Medusa Development
Formation of the planula larva. Within 48 h after
fertilization a planula larva develops. The planula is bilay-
ered and contains the ectodermal and endodermal epithelial
mussel cells and different types of nerve cells and nemato-
cytes. The larva already has the tissue organization and the
cell types of the future polyp. RT-PCR and in situ hybrid-
zation data (Figs. 2A and 3) demonstrate that the Twist
essage is not present in the fertilized egg, appears in the
mbryo and early planula larva, and disappears when the
arva becomes competent for transformation to the primary
olyp after 2–3 days. The gastrozoid or feeding polyp gives
o signal.
Formation of the medusa. Strong expression is observed
n the gonozoid, the polyp which forms the medusa buds, in
he medusa and in all isolated stages of medusa bud
evelopment (Fig. 2B). In situ hybridization of whole
ounts and tissue sections demonstrate that the gene is not
xpressed in the gonozoid polyp itself but in medusa devel-
pment and the adult medusa at places where BrdU staining
emonstrate high cell proliferative activity (Fig. 4). Devel-
pment of the medusa was staged according to histological
riteria (Ku¨hn, 1910; Frey, 1968; Boelsterli, 1977) and we
ave used this staging to follow Twist expression by sec-
ions of whole mount in situ hybridization.
s of reproduction in any form reserved.
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366 Spring et al.Stage 1. Formation of medusa occurs in a small subhy-
postomal zone of the gonozoid polyp (Figs. 4C and 4D)
FIG. 1. High conservation of Podocoryne Twist. (A) The complete
embers. Only the bHLH domain and the Twist-specific WR mot
wist1-Mm (Twist) and Twist2-Mm (Dermo1) could also be aligne
ore similar to vertebrate proteins than to Drosophila (Twist-Dm)
otif appears to deteriorate. Even the bHLH region of C. elegans sh
n vertebrates. (C) The length of the loop in the bHLH domain of Tw
HLH proteins such as Ptf1 or the only other known cnidarian rel
ith the MyoD family, which is otherwise not closely related. (D) A
wist corresponds to single orthologs from Drosophila or C. ele
alculated with Clustal X, but alternative methods confirm the plac
he bootstrap value 840 of 1000 replicates for the Twist subfamily i
ubfamilies, Ptf, Hand, Msc, Scx, Nhlh, and Lyl were compared to
ethods. The only other known cnidarian bHLH protein, the ac
omologues Asc11/2, and mouse Myod1 as outgroups. Representa
enome (asterisks indicate inadequate protein prediction), while C
r even absent from the complete genome as in the Hand, Msc, Scwhere polyp cells dedifferentiate to form a protrusion of s
Copyright © 2000 by Academic Press. All rightctodermal and endodermal tissues (Boelsterli, 1977). At
his early stage or shortly later at bud stage 1 (Fig. 5), some
ence of Podocoryne Twist was compared to representative family
conserved in all species. The Podocoryne and the mouse proteins
the N-terminus. (B) The domain structure of Podocoryne Twist is
h is more than twice as big as C. elegans (Twist-Ce) where the WR
only 60% identical residues with Podocoryne as compared to 80%
s conserved, and is one amino acid shorter than in the most related
CnASH from Hydra. The Twist proteins share this gap (asterisk)
logenetic analysis of the bHLH domain confirms that Podocoryne
and two paralogs in vertebrates. The neighbor-joining tree was
nt of the Podocoryne sequence within the bilaterian Twist branch.
ses to 994 if C. elegans is omitted. Mouse sequences of the relevant
ophila and C. elegans sequences as described under Materials and
e-scute-like factor Hydra CnASH, was included with the mouse
s of all Twist-related subfamilies can be found in the Drosophila
ans homologues are usually more derived, as in the case of Twist,
d Lyl subfamilies.sequ
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. elegtaining is present in both the ectodermal and the endoder-
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367Twist in Mesoderm Specification and Cnidariamal layer of the bulging polyp tissues. Staining does not
extend into the budding zone of the polyp ectoderm but is
restricted to the bud tissues.
Stage 2. At stage 2 (Fig. 5) the distal ectoderm of the bud
enerates a new mesoderm-like cell layer (Fig. 5; Ku¨hn,
910; Boero et al., 1998). The cell layer bulges inward into
he endodermal layer and completely separates from the
ctoderm by the formation of a mesoglea or ECM (Boel-
terli, 1977). This new layer is called entocodon. The
ntocodon consists of highly proliferative undifferentiated
ells and after the formation of a cavity (stage 3) essentially
ives rise to all smooth and striated muscle cells which line
he inner side of the bell. Beside the bud ectoderm and
ndoderm the Twist message is also present in the entoc-
FIG. 2. RT-PCR expression analysis of Twist in the life cycle. (A)
Twist expression (shaded bars) is compared to elongation factor 1
alpha (empty bars) in eggs, embryonic and larval stages, and the
gastrozoid. (B) Medusa bud stages 1–10 according to Frey (1968) are
compared to gonozoids and medusae. Values in the ordinate are
from the LightCycler as described under Materials and Methods.don (Fig. 5C).
Copyright © 2000 by Academic Press. All rightStages 4 and 6. While the entocodon cavity enlarges a
urther epithelial layer is formed. The developing entoc-
don partitions the endoderm into the four radial canals (rc;
ig. 5) and between the canals the subumbrellar plate (p;
ig. 5) will differentiate. It consists of a thin monotypic
pithelium layer sandwiched between the outer and inner
CM and connects the developing endodermal radial ca-
als. The plate cells strongly express Twist from the very
rst moment on and continue to do so until the medusa
etaches from the gonozoid (Fig. 5). Expression of Twist in
he entocodon-derived muscle layers gradually decreases as
hese tissues differentiate and from stages 6–8 on expres-
ion is absent. Additionally, expression is observed in the
ost distal part of the medusa bud where the tentacle
nlage and the bell opening with the velum forms.
Stage 9 and the medusa. Twist expression in the devel-
ping bell ectoderm, the exumbrella (ex; Fig. 5) concen-
rates in later bud stages to the distal parts of the buds
here tentacle bulbs, tentacles, and velum are formed and
roximally to the side where the stalk connects the bud to
he bell. In adult medusa expression is found in the ecto-
ermal margin of the bell consisting of the ring canal and
he tentacle bulbs, and depending on the state of maturity,
n the developing gonadal tissue which are localized in the
ctoderm of the manubrium, the feeding and sex organ of
his medusa (Figs. 4 and 5).
Experimental Analysis of Twist Expression in the
Isolated Subumbrellar Plate
In medusa development Twist is expressed in the plate
tissue, even in stage 9 when the medusa is almost ready to
detach; however, no message is detectable in the liberated
medusa after 1 day (Figs. 3 and 4). To investigate the
stability of Twist regulation we isolated the plate tissue
(Fig. 6), cultured it (Schmid et al., 1982) and monitored gene
expression. When the striated muscle layer is removed and
the bell fragments are excised from the animals, the isolates
round up, and the plate cells aggregate in a central position.
They can be isolated by removal of the outer epithelium
(exumbrella) as outlined (Fig. 6). We have studied the effect
of the isolation procedure and the culturing conditions on
Twist expression in plate cells, first, as freshly excised
interradial fragments (Fig. 7A, control); second, when the
striated muscle and the inner ECM were freshly removed
either mechanically by microsurgery or by enzyme treat-
ment (Fig. 7A, a); third, after 18 h of culturing these
fragments consisting of exumbrella, outer ECM, and the
plate cells (Fig. 7A, b); and finally when the exumbrella was
removed from such precultured explants immediately or
after 7, 31, and 84 h or 7 days (Fig. 7A, c–g). Twist
expression is absent in the freshly excised interradial frag-
ments; however, the gene is reexpressed in the rounded up
isolates (Fig. 6) and in all later stages of culturing the
isolated and grafted plate tissue. Expression gradually de-
creases and is absent after 7 days, which is shortly before
the isolates disintegrate. To test the possibility that reex-
s of reproduction in any form reserved.
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368 Spring et al.FIG. 3. In situ hybridization of Twist in embryogenesis. No expression is seen in fertilized eggs (A), while Twist is present in 8-cell
leavage stages (B) and planula larvae at 24 (C) and 48 h (D). The bars correspond to 0.01 mm.
IG. 4. Correlation of Twist expression and cell proliferation. Twist expression is detected by in situ hybridization in the gastrozoid (A),
onozoid with medusa buds (C), and sexually mature medusa (E). BrdU histochemistry reveals zones of DNA replication in the hypostomal
art of the gastrozoid (B), in the gonozoid with intensive cell proliferation in the different bud stages (D), in the manubrium of the sexually
ature medusa (F) and in the immature, freshly hatched medusa where cell proliferation is mainly located at the margin of the bell (G).
, tentacle bulbs; f, foot part of the polyp with adhering perisarc from the stolons; g, gonads (testes); h, hypostome (mouth) of the polyps;
, manubrium (mouth) of the medusa; t, tentacles. The bars correspond to 0.1 mm.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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369Twist in Mesoderm Specification and CnidariaFIG. 5. Expression of Twist in the development of the medusa as revealed by in situ hybridization of tissue sections. Column A is modified
fter Frey (1968) and represents schematized drawings of the corresponding developmental stages in which Twist expression as documented
n column C is marked in red. Column B is an accurate histological drawing established from Podocoryne medusa buds by Ku¨hn (1910).
ircles in stage 1 in column A present dedifferentiated epithelial muscle cells from polyp ectoderm and endoderm (after Boelsterli, 1977).
he plane of the cross section in stage 6 that shows intensive staining of the subumbrellar plate cells is indicated in column A. b, tentacle
ulbs; e, entocodon; ec, entocodon cavity; g, gonads; m, manubrium; o, oocytes migrating from the polyp into the manubrium anlage; p,
late cells; pe, polyp ectoderm; pen, polyp endoderm; rc, radial canal; s, smooth muscle of the manubrium: st, striated muscle; t, tentacles.
ar corresponds to 0.05, 0.1, 0.2, 0.2, and 0.3 mm in stages 1, 2, 4, 6, and 9, respectively.
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370 Spring et al.pression of Twist in the cultured plate tissue is due to the
grossly altered tissue configuration from a monoepithelium
(in vivo configuration, Fig. 6) to the aggregate state (in vitro)
we grafted plate cell aggregates 24 h after isolation onto
isolated and stretched ECMs of polyps. The plate cells
immediately started to spread onto the grafted ECM and
formed a monolayer. This caused repression of the gene
whereas in the not grafted controls, expression continues
(Fig. 7B).
Twist Expression in Isolated Striated Muscle
In contrast to the expression in the plate cells, Twist
expression disappears in the developing striated muscle
already in bud stages 6–8 (Figs. 3 and 4). Striated muscle
tissue from medusa can be isolated and cultured (Fig. 6).
When activated by enzyme treatment the isolated striated
muscle starts DNA replication and transdifferentiates into
smooth muscle and FMRF-amide-positive nerve cells; oc-
casionally they even regenerate manubria and tentacles
(Fig. 6; Schmid and Alder, 1984; reviewed in Schmid, 1992).
FIG. 6. Schematized drawing of the in vitro transdifferentiation
nd regeneration system. d, days; p, plate cells of the subumbrella;
x, exumbrella; m, manubrium; me, mesoglea; st, striated muscle;
, tentacles; v, velum (Schmid, 1992).In the latter case the transdifferentiating striated muscle
Copyright © 2000 by Academic Press. All rightells group into two layers, an inner cell layer which will
orm the endoderm, and an outer layer, which will differ-
ntiate into the ectoderm of the regenerate (Fig. 6). The
ayers are separated by a thin ECM. The inner layer will
orm a flagellated endoderm where digestive cells and gland
ells differentiate. Additionally, smooth muscle, nerve
ells, nematocytes, and interstitial cells form by transdif-
erentiation from striated muscle cells in the ectoderm.
ecause Twist is expressed in the differentiating manu-
rium in the bud stages 3–5 (Figs. 3 and 4) we expected the
ene to be expressed in the regeneration of manubria from
triated muscle. RT-PCR studies and in situ hybridizations
emonstrate that the gene is not expressed neither in the
ransdifferentiation from striated to smooth muscle and
erve cells nor when tentacles and manubria regenerate.
FIG. 7. Twist expression in isolated plate cells. (A) Medusa
fragments and isolated plate cells cultured as tissue aggregates.
Mechanically isolated interradial medusa fragments (control) were
compared to interradial medusa fragments after the striated muscle
was isolated with enzyme treatment (a), and after the isolated
fragment was cultured for 18 h (b), or immediately (c), 7 h (d), 31 h
(e), 84 h (f), and 7 days (g) after the exumbrella cells were removed
(Fig. 6). (B) Cultured plate cells corresponding to sample (e) in (A)
but grafted on polyp ECM and processed at various times indicated
in hours for expression analysis; control is not grafted plate cells
after 8 h.
s of reproduction in any form reserved.
w
i
c
t
e
T
w
g
e
t
i
n
r
c
h
s
2
c
c
f
e
b
i
b
m
t
2
c
a
f
a
a
371Twist in Mesoderm Specification and CnidariaStability of Twist Expression in Grafts of
Subumbrellar Plate and Striated Muscle
Whereas plate cells cannot transdifferentiate or regener-
ate autonomously they will do so when combined with
activated striated muscle (Schmid et al., 1982). When the
muscle is not activated prior to grafting and therefore
remains stable, regeneration will not occur and the grafted
plate cells gradually disappear. When the muscle is acti-
vated prior to grafting manubria and tentacles will regener-
ate. As was shown previously the activated muscle induces
the plate aggregate to form a flagellated cavity, initiates
DNA replication, and supports the regeneration process by
transforming plate cells to new cell types. Since in vitro
regeneration of manubria and tentacles from striated
muscle occurs without Twist expression we wanted to
know how Twist expression in the plate cells is affected
hen combined with either not activated mechanically
solated or activated isolated striated muscle tissue (Fig. 6).
When the plate aggregate is grafted to stable, mechani-
ally isolated muscle the latter quickly covers the plate
issue; however, the plate cells do not form a flagellated
ndodermal cavity and no regeneration occurs. In this case
wist expression is maintained but gradually decreases
ith time (Fig. 8A). However, when the plate aggregates are
rafted to Pronase-activated striated muscle tissue, a flag-
llated endoderm forms after 2–3 days and manubria and
entacles regenerate within 5–8 days. One hour after graft-
ng Twist expression is already strongly reduced compared
with the not combined plate aggregates (Fig. 8B) and after
3 h or later is no longer detectable. This confirms the
observations from the regeneration experiments with acti-
vated striated muscle alone, that formation of new cell
types does not need Twist expression. On the other hand it
indicates that the inactivation of Twist expression is
eeded for plate cells to be able to contribute to the
egeneration process.
DISCUSSION
The Evolutionary Origin of Mesoderm
It has become a widely accepted notion that genes are
shared throughout the animal kingdom and that animal
diversity is largely based on differential use of the same
components (Duboule and Wilkins, 1998). However, almost
all relevant studies are about bilaterian animals. While it is
still truly amazing that worms, flies, fish, mice, and hu-
mans can be so well compared, they seem to represent just
variations of a common bauplan. To study the original
invention of this bilaterian bauplan, investigations must be
extended to animals of sister groups of the bilaterians. A
large set of data from cnidarians suggests that also these
animals make use of the same set of genes (Shenk and
Steele, 1993), although often for quite divergent functions.
Homologues of developmental regulator genes such as Hox
(Schummer et al., 1992; Aerne et al., 1995; Masuda- p
Copyright © 2000 by Academic Press. All rightNakagawa et al., 2000), Pax (Gro¨ger et al., 2000), Brachyury
(Technau and Bode, 1999), or Otx (Mu¨ller et al., 1999) were
loned from cnidarians, but it is not clear how to compare
ead-specific expression in cnidarians with bilaterian axis
pecification or brain development (Galliot and Miller,
000).
In an alternative classification of animals bilaterians are
alled triploblasts and the term diploblast is often used
ollectively for the leftover phyla. While the bilayered
reshwater polyp Hydra consists only of an ectoderm and an
ndoderm, and therefore can be well described as a diplo-
last, this is not true for the jellyfish stage which is present
n three out of four cnidarian classes, or the other non-
ilaterian phyla Ctenophora, Placozoa, and Porifera. It ap-
FIG. 8. Twist expression in combinations of isolated striated
uscle and plate cells (see Fig. 6). Twist (shaded bars) and elonga-
ion factor 1 alpha (empty bars) expression were measured as in Fig.
. Abscissa gives time in hours (h) or days (d) after tissues were
ombined. (A) Plate cells were combined with not activated stri-
ted muscle. Combinations do not form regenerates and transdif-
erentiation does not occur. (B) Plate cells were combined with
ctivated striated muscle, transdifferentiation into new cell types
nd formation of regenerates occur.ears that mesoderm invention predates the split between
s of reproduction in any form reserved.
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372 Spring et al.cnidarians and bilaterians. Therefore, a reevaluation of old
descriptions of a third cell layer in medusa bud develop-
ment (Ku¨hn, 1910) is needed in conjunction with studies
taking into account our knowledge of known mesoderm
specification factors from animals with a true mesoderm.
Twist, a Mesoderm Specification Factor in
Diploblasts?
Sequence comparisons suggest that Podocoryne Twist is
true ortholog of bilaterian cognates (Fig. 1). The bHLH
egion is most similar to real Twist family members, even
ore similar to vertebrate Twist members than C. elegans
wist, and contains the same loop length, in contrast to
ther Twist-related subfamilies. In addition to the bHLH
omain, the WR motif of 14 amino acids is perfectly
onserved in Podocoryne and mammals. A WR motif was
ot found in any unrelated protein and is barely recogniz-
ble in the C. elegans Twist sequence. Furthermore, there is
esidual sequence similarity at the N-terminus of Podoc-
ryne and vertebrate Twist proteins, where mouse Twist
ppears to interact with the p300 coactivator (Hamamori et
l., 1999).
A phylogenetic analysis of the bHLH domain confirms
hat the bHLH family can be reliably subdivided into
ubfamilies with multiple vertebrate paralogs for each in-
ertebrate bHLH gene, reminiscent of the Hox clusters and
any other duplicated gene families (Spring, 1997). In such
natural classification of bHLH proteins (Atchley and
itch, 1997) Twist belongs to a different subgroup than the
yoD, NeuroD, or the achaete-scute families, from which
he only other cnidarian bHLH protein CnASH is known
Grens et al., 1995). Still, within its subgroup with the Ptf,
and, Msc, Scx, Nhlh, and Lyl subfamilies, Twist is the
nly member with the same loop length as the MyoD
amily. Whether this has any influence on the direct inter-
ction and competition of Twist and MyoD family mem-
ers with E proteins (Kophengnavong et al., 2000) is not
nown. The robustness of the Twist branch of the phylo-
enetic tree and the high conservation of Podocoryne Twist
uggest that gene duplication within the bHLH family had
ccurred before the split of cnidarians and bilaterians.
herefore, orthologs for all subfamilies can be expected in
oth lineages. This is the case in the Drosophila genome
hile C. elegans appears to have lost four of the subfami-
ies. Apparently, genome sequences are needed to detect all
he members of gene families as decades of Drosophila
tudies have only revealed two (Varterasian et al., 1993) of
he eight Twist-like subfamilies found in the genome
Rubin et al., 2000), possibly due to partial redundancy of
uplicated genes.
Medusa Development as Completion of
Gastrulation?
Podocoryne Twist is present from early cleavage stages
until myoepithelial cells form, but expression decreases in
Copyright © 2000 by Academic Press. All rightarva competent to transform into the primary polyp. Feed-
ng polyps are basically made up of the same two myoepi-
helial cell layers as larvae and also lack Twist expression,
ven during colonial growth. However, development is only
ompleted with the formation of the medusa, the sexually
ature animal, and here again Twist is expressed strongly,
ut transiently in the proliferating undifferentiated cell
ass that will also give rise to the medusa-typical muscles.
The formation of the medusa starts with highly prolifera-
ive, undifferentiated cells generated by dedifferentiation of
pithelial muscle cells of the mother polyp (Boelsterli,
977). In a process comparable to gastrulation, migration of
issues and cells, formation of body cavities, and consecu-
ive morphogenesis and differentiation processes finally
ead to the formation of the adult stage, the sexual medusa
Ku¨hn, 1910; Frey, 1968; Bra¨ndle, 1971; Boelsterli, 1977).
he expression of Twist is first noticed in the bulging
ctodermal and endodermal epithelial muscle cells of the
olyp (Figs. 3 and 4). It is active at the same time when Otx
Mu¨ller et al., 1999) or Cnox1-Pc (Aerne et al., 1995) start to
e expressed. When muscle differentiation progresses be-
ond stages 4–5 Twist expression gradually disappears in
oth muscle tissue layers whereas expression of Otx (Mu¨l-
er et al., 1999) and Cnox1-Pc (Aerne et al., 1995) is
aintained even in the striated muscle of the adult medusa.
he disappearance of Twist expression correlates well with
he declining rate of DNA replication (Schmid, 1972).
All the Twist-expressing tissues lack organized contrac-
ile myofilament systems and staining is strong where cell
roliferation is high. It appears that Twist is expressed
ither transiently in development, including myogenic tis-
ues, or permanently in the adult medusa at places where
ell proliferation continues and nonmyogenic tissues differ-
ntiate, like the growth zone at the margin of the bell (Fig.
). Although Twist function cannot be surmised from
emporal and spatial expression patterns, the results dem-
nstrate on one hand that there exists a correlation between
ormation of myoepithelial cells in early muscle develop-
ent in the larva and in the entocodon derived muscle
ystems, and, on the other hand, its expression clearly
orrelates with the formation of nonmuscle tissues such as
he subumbrellar plate in later bud stages and the medusa.
n this context it is interesting to note that epithelial
uscle cells of the gonozoid polyp start to express Twist
hen they dedifferentiate to form the highly proliferative
onmuscle cells of the early medusa buds.
Experimental Manipulation of Twist Expression
The experiments with the isolated subumbrellar plate
cells demonstrate that Twist expression can be regulated by
cell-ECM interactions (Fig. 7). This alteration in Twist
expression correlates with changes in tissue connectivity.
Previous investigations have demonstrated that the gap
junctions which connect the plate cells in vivo disappear in
the collapsed aggregate state and are reexpressed when the
plate cells stretch on the host ECM (Weber and Schmid,
s of reproduction in any form reserved.
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373Twist in Mesoderm Specification and Cnidaria1984). Whereas isolated striated muscle when tested in
similar grafting experiments showed no activation of Twist
expression, regulatory genes such as Otx or Cnox1-Pc and
tructural genes such as the tropomyosin Tpm2 or the
yosin heavy chain Myo1 change as long as the striated
uscle cells are migrating (Yanze et al., 1999). Similar
bservations were done in other systems (reviewed in
oudreau and Bissell, 1998; Chicurel et al., 1998). In the
ultured plate cell aggregates Twist remains active until the
solates degenerate after a few days.
It is known that cultured plate cell aggregates do not
ndergo DNA replication or transdifferentiation (reviewed
n Schmid, 1992). However, when combined with activated
triated muscle, plate cells too are able to transdifferentiate
Fig. 6). How the grafted muscle itself activates the plate
ells is not yet investigated, but it is known that transdif-
erentiating striated muscle tissue is proteolytically active
nd can degrade grafted ECM (Schmid et al., 1993). Twist is
ot expressed when the combined tissues transdifferentiate
nd regenerate manubria and tentacles. The regenerates are
ilayered, formed by epithelial muscle cells like the larva
nd the polyp, and also contain essentially the same cell
ypes. In general, regeneration processes are widely regarded
s a repetition of the corresponding ontogenetic steps. In
he case of Twist this seems not to be the case as the
developing manubrium expresses Twist in the ectodermal
epithelial layer. This indicates that regeneration, at least in
part, can occur by different regulatory pathways than the
corresponding processes in ontogeny or that Twist regulates
very basic determination steps upstream of the regulatory
cascades which specify organogenesis and cell differentia-
tion of manubria and tentacles. Similar observations were
made in regenerating newt limbs, where HoxD gene expres-
sion is different in development and regeneration (Simon,
1999).
Twist in Evolution
In Drosophila Twist was seen as a factor specifying early
mesoderm and required for somatic myogenesis (Baylies
and Bate, 1996) while in vertebrates Twist was shown to
inhibit myogenesis (Spicer et al., 1996). Later it was also
shown in Drosophila that Twist can negatively regulate
muscle differentiation in flight muscles (Anant et al., 1998).
This discrepancy is reflected in the more complex role of
Twist in C. elegans where this factor is not required for
mbryonic mesoderm but appears to be restricted to the
esodermal blast cell M. During larval development undif-
erentiated descendants of M express Twist until they
differentiate into body wall or sex muscles (Harfe et al.,
1998). Developmental roles for Twist have evidently varied
rather dramatically in evolution, but it appears that an
activating function of potential muscle precursors and an
inhibitory function of muscle differentiation are shared
from C. elegans and Drosophila to vertebrates. The high
sequence conservation and the expression pattern of Twist
in Podocoryne are at least consistent with related roles in
Copyright © 2000 by Academic Press. All rightcnidarians and bilaterians. Since gene functions cannot be
tested directly in Podocoryne yet, further investigations are
needed to elucidate the role of Twist-like bHLH factors in
animal evolution.
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